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The Andreev reflection of narrow ferromagnet/superconductor point contacts is theoretically stud-
ied. We show that the conductance quantization depends on whether the contact region is super-
conducting or ferromagnetic as well as on the strength of the exchange field in the ferromagnet. The
Andreev reflection of the ferromagnetic contact is more suppressed than that of the superconducting
contact. We also show that the conductance-voltage curve has a bump at zero bias-voltage if there is
no interfacial-scattering. On the contrary, the conductance-voltage curve shows a dip if the system
has an interfacial-scattering.
The spin-dependent transport through a magnetic
nano-structures is of current interest both in fundamen-
tal physics and application to spin-electronics [1]. The
magnetic quantum point contact is one of these magnetic
nano-structures, which exhibit rich and elegant physics
[2–4] and have potential applications such as magnetic
recording devices [5–7]. Recently much attention has
been focused on magnetic point contacts with supercon-
ducting electrode since it is shown that the spin polar-
ization of the conduction electrons can be measured by
using the Andreev reflection [8–12].
De Jong and Beenakker have shown that the Andreev
reflection in a ferromagnet(F)/superconductor(S) point
contact is strongly suppressed as the Fermi surface po-
larization is increased [2]. The Fermi surface polar-
ization, P , is defined as P = (N↑ − N↓)/(N↑ + N↓),
where N↑(↓)is the number of transmitting channels in
the spin-up(spin-down) band. If N↓ < N↑ then only
2N↓ = N↓ + N↑(N↓/N↑) channels are available for the
Andreev reflection and the corresponding conductance
is G = 4N↓e
2/h. Therefore, the Andreev reflection is
strongly suppressed if P is large. The suppression of the
Andreev reflection in F/S point contacts has been ob-
served experimentally by several groups [8–12]. Their
results are qualitatively well explained by de Jong and
Beenakker’s theory.
Now we believe that the narrow F/S point contact
where the conductance is quantized is within the current
nano-technology. It is then needed to study the spin-
dependent transport through narrow F/S point contacts
taking account of the geometry of contact and the mix-
ing of channels. In this paper, we theoretically study
the spin-dependent transport through narrow F/S point
contacts, where the Andreev reflection plays an impor-
tant role. We show that the conductance quantization
depends on whether the contact region is superconduct-
ing or ferromagnetic as well as on the strength of the
exchange field. The Andreev reflection of the ferromag-
netic contact is more suppressed than that for the super-
conducting contact. For the ferromagnetic contact, the
width of the contact where the new transmitting channel
opens increases with increasing the exchange field. We
also show that the conductance-voltage curve shows a
bump at zero bias voltage if the system has no interfacial-
scattering between the ferromagnet and superconductor.
On the contrary, the conductance-voltage curve shows a
dip for the contact with an interfacial-scattering.
We consider the system consisting of three cylinders as
shown in Figs. 1(a) and 1(b). The left and right elec-
trodes with a diameter WE are connected by the contact
with a diameter WC(< WE) and a length D. We employ
the simple Stoner model with exchange field h for the
ferromagnet.
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FIG. 1. (a) The geometry of the point contact. The point
contact is represented by the coaxial cylinders. (b) The
cross-section along the z-direction. The length and width
of the contact region are D and WC , respectively. The width
of the electrodes is WE.
The system we consider is described by the following
Bolgoliubov-de Gennes (BdG) equation:(
H0(r)−h(z)σ ∆(T )
∆∗(T ) −H0(r)−h(z)σ
)
Ψσ(r)=EΨσ(r), (1)
where H0(r) ≡ −(h¯
2/2m)∇2 + V (r) − µF is the single-
particle Hamiltonian with the constriction potential
V (r), E is the quasiparticle energy measured from the
Fermi energy µF , h(z) is the exchange field, ∆(T ) is the
superconducting energy gap and σ = +(−) for the spin-
up(spin-down) band.
We assume that effective mass of an electron m is the
same both for ferromagnet and superconductor. The
exchange field is h(z) = 0 for the superconductor and
h(z) = h for the ferromagnet. The constriction po-
tential is V (r) = ∞ outside the constriction repre-
sented by the shadow in Fig1(b). Inside the constric-
tion, V (r) = (h¯2kFZ/m)δ(z − z0), where Z represents
the interfacial-scattering potential at position z0. We as-
sume that the superconducting energy gap ∆(T ) is con-
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stant and neglect the proximity effects [11].
The stationary scattering state is obtained by connect-
ing wave functions at the boundary of contact [13,14].
Since the system has cylindrical symmetry, wave func-
tions Ψσ can be written as
Ψσ(r) =
∑
n,l
N lσnψ
n
σl(z)Jn(
2γnl
WE(C)
r)einφ (2)
where γnl is the lth zero of the Bessel function Jn(r), N
l
σn
is the normalization constant [15]. The set of quantum
numbers (n, l, σ) defines the channel. Substituting Eq.(2)
into Eq.(1), we obtain the following BdG equation for
ψnσl(z):(
H0(z)−h(z)σ ∆(T )
∆∗(T ) −H0(z)−h(z)σ
)
ψnσl(z)=Eψ
n
σl(z), (3)
where H0 = (h¯
2/2m){d2/dz2 − (2γnl/W (z))
2} +
(h¯2kFZ/m)δ(z − z0).
Let us consider the F/S/S system consisting of ferro-
magnetic and superconducting electrodes connected by
the superconducting contact. Assuming that the electron
in channel (n, l, σ) is incident from the left electrode, the
wavefunction Ψnσl(z) is written as
Ψnσl(z) =

eiq
n+
σl
z
(
1
0
)
Jn(
2γnl
WE
r)einφ +
ME∑
s=1
{
anσlse
iq
n−
σ¯s
z
(
0
1
)
+ bnσlse
−iqn+
σs
z
(
1
0
)}
× Jn(
2γns
WE
r)einφ
(for z < −D2 )
MC∑
s=1
[{
αnσlse
ipn+
s
z + βnσlse
−ipn+
s
z
}(
u0
v0
)
+ {ξnσlse
ipn−
s
z + ηnσlse
−ipn−
s
z}
(
v0
u0
)]
× Jn(
2γns
WC
r)einφ
(for − D2 < z <
D
2 )
ME∑
s=1
[
cnσlse
ikn+
s
z
(
u0
v0
)
+ dnσlse
−ikn−
s
z
(
v0
u0
)]
× Jn(
2γns
WE
r)einφ
(for D2 < z),
(4)
where σ¯ = −σ, u20 = 1 − v
2
0 = (E +
√
E2 −∆(T )2)/2
and anσlm, b
n
σlm, c
n
σlm, d
n
σlm, α
n
σlm, β
n
σlm, ξ
n
σlm, η
n
σlm are
coefficients to be solved. Here the wave vectors below the
superconducting energy gap (E ≤ ∆(T )) are given by
qn+σl =
√
2m
h¯2
(µF + hσ + E)− (
2γnl
WE
)2 (5)
qn−σl =
(√
2m
h¯2
(µF − hσ − E)− (
2γnl
WE
)2
)∗
(6)
pn±l =
√
2m
h¯2
(
µF ±
√
E2 −∆(T )2
)
− (
2γnl
WC
)2 (7)
kn±l =
√
2m
h¯2
(
µF ±
√
E2 −∆(T )2
)
− (
2γnl
WE
)2. (8)
The wave vectors above the superconducting energy gap
(E > ∆(T )) are the same as those given by Eq.(8) except
for the wave vector kn−l in the right electrode. In order to
deal with the evanessent waves, we write the wave vector
kn−l as
kn−l =
(√
2m
h¯2
(
µF −
√
E2 −∆(T )2
)
− (
2γnl
WE
)2
)∗
. (9)
The number of channels in the electrode and contact is
truncated by the cutoff constant ME and MC , respec-
tively. The cutoff constants are taken to be large enough
to express the stational scattering state.
For the F/F/S system, where the contact is ferromag-
netic, the wavefunction inside the contact in Eq.(4) is
rewritten as
MC∑
s=1
[{
αnσlse
ipn+
σs
z + βnσlse
−ipn+
σs
z
}(
1
0
)
+{ξnσlse
ip
n−
σ¯s
z + ηnσlse
−ip
n−
σ¯s
z}
(
0
1
)]
× Jn(
2γns
WC
r)einφ (10)
where the wave vectors pn±σl are given by
pn±σl =
√
2m
h¯2
(µF ± hσ ± E)− (
2γnl
WC
)2. (11)
Unknown coefficients anσlm, b
n
σlm, c
n
σlm, d
n
σlm, α
n
σlm,
βnσlm, ξ
n
σlm and η
n
σlm are obtained by matching the slope
and value of wave functions at the boundary of contact
z = ±D2 [13,14]. Following Blonder, Tinkham and Klap-
wijk [16], probabilities for the Andreev reflection, Anls,
and ordinary reflection, Bnls, are given by
Anσls(E) =
∣∣∣∣∣q
n−
σ¯s J
2
n−1(γns)
qn+σl J
2
n−1(γnl)
∣∣∣∣∣ an∗σlsanσls (12)
Bnσls(E) =
∣∣∣∣∣q
n+
σs J
2
n−1(γns)
qn+σl J
2
n−1(γnl)
∣∣∣∣∣ bn∗σlsbnσls. (13)
The differential conductance is expressed by using the
probabilities Anls and B
n
ls as
G =
e
h
∑
σ=↑,↓
∑
n,l
∫ ∞
−∞
d
dV
f(E − eV, T )
×
{
1 +
∑
s
Anσls(E)−
∑
s
Bnσls(E)
}
dE, (14)
where f(E, T ) is the Fermi distribution function.
In our numerical calculation, the cutoff constants MC
and ME are taken to be three times as many as the
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number of open channels. The number of open channels
are determined by the condition that Re[(2m/h¯2)(µF −√
E2 −∆(T )2) − (2γnl/WC(E))
2] > 0. The diameter
of electrodes and the length of contact are taken to be
WE = 60.8/kF and D = 5.0/kF , respectively. The su-
perconducting energy gap is assumed to be ∆(0)/µF =
1.5 × 10−5, which is of the same order of that for Al
[17]. The position of the interfacial-scattering is located
at z0 = −D/2(+D/2) for the F/S/S (F/F/S) system.
In Fig. 2 (a) the zero-bias conductance of the F/S/S
system is plotted against the width of contactWC . In the
adiabatic picture, the number of transmitting channels
are determined by the condition that Re[(2m/h¯2)(µF −√
E2 −∆(T )2)− (2γnl/WE)
2] > 0 and does not depend
on the strength of the exchange field in the ferromagnet
electrode. However, as the exchange field increases, the
conductance is suppressed due to the mismatch of the
Fermi wavelength as shown in Fig. 2(a).
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FIG. 2. (a) The zero-bias conductance for the F/S/S
point contact. The temperature T is assumed to be zero
and no interfacial-scattering is considered. The horizon-
tal axis represents the width of the contact WC multiplied
by the Fermi-wave number kF . The solid, dotted, dashed
and dot-dashed lines represent the conductance curves for
h0 = 0, 0.3, 0.6 and 0.9, respectively. (b) The same plot for
the F/F/S point contact.
The conductance of the F/F/S system also decreases as
the exchange field increases as shown in Fig. 2(b). Note
that the width WC at which the new transmitting chan-
nel opens increases with increasing the exchange field, h.
The shift of the conductance steps can be explained as
follows. In the ferromagnetic contact, electrons in the
spin-up and spin-down bands feel the different exchange
field −h and h, respectively. Therefore, the number of
transmitting spin-down channels N↓ is smaller than that
of transmitting spin-down channels N↑. As pointed out
by de Jong and Beenakker. The number of channels con-
tributing to the Andreev reflection is restricted by N↓.
In the adiabatic picture [18], N↓ is determined by the
condition that (2m/h¯2)(µF − E − h)− (2γnl/WC)
2 > 0.
Therefore, the conductance steps shift leftward with in-
creasing the exchange field.
In the narrow F/F/S system, the suppression of the
Andreev reflection discussed by de Jong and Beenakker
appears as the shift of the width of the contact WC
at which the new transmitting channel opens as shown
in Fig. 2(b). Even when the contact is superconduct-
ing(F/S/S), the conductance is suppressed due to the
mismatch of the Fermi wavelength as shown in Fig. 2(a).
However, the magnitude of suppression is smaller than
that for the F/F/S system.
Figures 3(a) and 3(c) show the conductance(G)-
voltage(V) curves for the F/S/S system and Figs.3(b)
and 3(d) show those for the F/F/S system. The conduc-
tance is normalized by that for the F/normal-metal(N)
contact. One can see that the conductance for the F/F/S
system is smaller than that for F/S/S system since the
number of transmitting channels are limited by the An-
dreev reflection.
In order to investigate the effect of the interfacial-
scattering, we plot the G-V curve for the interfacial-
scattering of Z = 0.3 in Figs.3(c) and 3(d). Without the
interfacial scattering, Z = 0, the G-V curve has a bump
at zero bias voltage as shown in Figs.3(a) and 3(b). How-
ever, the G-V curve for Z = 0.3 shows dip as shown in
Figs.3(c) and 3(d). These dip and bump in the G-V curve
are similar to the energy dependence of conductance for
F/S tunnel junctions discussed by Zˇutic´ and Valls [?].
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FIG. 3. The conductance for the F/S/S and F/F/S point
contacts is plotted against the bias voltage at T = 0. The
width of the contact is taken to be kFWC = 18.5. The
strength of the interfacial-scattering Z is assumed to be zero
for panels (a) and (b), and Z = 0.3 for panels (c) and (d). The
horizontal axis represents the applied bias voltage normalized
by the superconducting gap ∆(0) at T = 0. The solid, dot-
ted, dashed and dot-dashed lines represent the conductance
curves for the h0 = 0, 0.3, 0.6 and 0.9, respectively.
Comparing our theory with the experimental results of
Soulen et al. [8,9], we conclude that in their experiments
there is no interfacial-scattering in the contacts with Ni,
NiFe and Co film, whereas the interfacial-scattering ex-
ists in the contacts with NiMnSb, La0.7Sr0.3Mn3 and
CrO2 film.
Soulen et al. [8] have also studied the conductance of
3
two different systems with the same material: a sharp-
ened Ta point placed in contact with a single crystal Fe
thin film, and a sharpened Fe point placed in contact with
a polycrystalline Ta foil. They found the difference in
the G-V curve near zero bias voltage and concluded that
this difference is due to varying amounts of interfacial-
scattering, Z. However, we propose that such difference
in the G-V curve can occur if the material of the contact
is different: one system has the superconducting contact
and the other system has the ferromagnetic contact. We
also insist that the spin-polarization obtained by analyz-
ing the experimental date [10–12] depends strongly on
whether the contact region is ferromagnetic or supercon-
ducting.
In Figs.4(a)-4(d), we show the G-V curve of the F/F/S
system at T/Tc = 0.2 and 0.4. The horizontal axis is
normalized by the superconducting energy gap ∆(T ).
The temperature dependencies of the G-V curves for the
F/S/S system are not shown since they are similar to
those for the F/F/S system shown in Figs.4(a)-4(d).
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FIG. 4. The conductance for the F/F/S point contacts is
plotted against the bias voltage. The width of the contact
is taken to be kFWC = 18.5. The strength of the interfa-
cial-scattering Z is assumed to be zero for panels (a) and (b),
and Z = 0.3 for panels (c) and (d). The temperature is as-
sumed to be T/Tc = 0.2 for panels (a) and (c), and T/Tc = 0.4
for panels (b) and (d). The horizontal axis represents the
applied bias voltage normalized by the superconducting gap
∆(T ). The solid, dotted, dashed and dot-dashed lines repre-
sent the conductance curves for the h0 = 0, 0.3, 0.6 and 0.9,
respectively.
One can clearly see that the difference of the curvature
of the G-V curve due to the interfacial-scattering survives
even at T/Tc = 0.2. As the the temperature is increased,
the difference in the curvature of the G-V curve for large
exchange filed h = 0.6 and 0.9 smears out. For small
exchange filed h = 0.0 and 0.3, however, the curvature of
the G-V curve due to the interfacial-scattering survives
even at T/Tc = 0.4.
In conclusion, we theoretically study the Andreev re-
flection of narrow F/S point contacts. We show that the
conductance depends on whether the contact is super-
conducting or ferromagnetic as well as on the strength
of the exchange field in the ferromagnet. The conduc-
tance of the ferromagnetic contact is more suppressed
than that of the superconducting contact. For the fer-
romagnetic contact, the width of the contact where the
new transmitting channel opens increases with increasing
the exchange field. We also show that the conductance-
voltage curve has a bump at zero bias-voltage if there
is no interfacial-scattering between the ferromagnet and
superconductor. On the contrary, if the contact has an
interfacial-scattering, the conductance-voltage curve has
a dip at the zero bias-voltage.
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